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ABSTRACT 

Lead Zirconate Titanate (PZT) ceramics with composition at 
the morphotropic phase boundary have been doped with 0, 0.1, 1.0, 
2.0 and 5.0 mole 7. CeO 

2 

The ceramic samples have been synthesized by calcining the 

o o 

powder mixture at 960 C for 4 hrs and then sintering at 1200 C 

for 4 hrs in an atmosphere of PZ + 5 wt7. PbO atmosphere powder. 

The composition i have been studied with regard to, i) phase 

analysis, ii) density, iii) piezoelectric properties, iv) 

mechanical properties including Vickers Hardness, Modulus of 

Rupture (MOR), Youngs Modulus and fracture toughness (K ) and v) 

IC 

microstructures . 

Analysis of experimental results shows that the tetragonal 

and rhombohedral phases coexist upto 0.1 mole '/. CeO beyond which 

2 

only the tetragonal phase is present. c/a ratio of the 

tetragonal phase also gradually increases with CeO 

2 


concentration. Maximum piezoelectric 

0.1 mole CeO concentration. 

2 

Density is minimum at 1.0 mole 7. 
between density and MOR is observed. 


properties are obtained at 


CeO . Good correlation 
2 

There is rise in K after a 

tc 


minimum. This is correlated with the appearance of 
particles at the grain boundaries. 


CeO 

2 


Microstructural analysis show gradual rise in the grain size 

with increasing concentration of CeO . 

2 
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1.1 Piezoelectricity: 

Piezoelectricity was discovered in 1880 by Pierre and 
Jacques Curie during their systematic investigation of the 
effect of pressure on the generation of electrical charge by 
crystals such as quartz, zincblend, tourmaline and rochelle 
salt. The term 'Piezoelectricity' (pressure electricity) was 
first suggested by W. Hankel in 1881. Cady [1] defines 
piezoelectricity as "electrical polarization produced by 
mechanical strain in crystals belonging to certain classes, 
the polarization being proportional to the strain and changing 
sign with it" . Piezoelectric effect is categorized in two 
classes, viz. i) Direct piezoelectric effect and ii) 
Converse or Inverse piezoelectric effect. 

Direct Piezoelectric Effect: 

This is characterised by the generation of electrical 
charge (polarization) under mechanical stress. 

Converse Piezoelectric Effect: 

It is associated with the mechanical movement generated 
by the application of an electric field. 

Both these effects are manifestation of the same 
fundamental property of the crystal and therefore, belong to 
the reversible physical phenomena. 
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Electric field and polarisation are vectors while 
mechanical stress and strain are described by tensors which do 
not have the one way directional characteristics. For 
piezoelectric interactions to exist, it is therefore necessary 
that certain axes of the medium intrinsically possess 
polarity. A body or any one of its physical properties may be 

symmetrical with respect to i) a point, ii) a line, iii) a 

plane or iv) any combination of these. If symmetrical with 

respect to a 'point', the body is 'central symmetric' and can 

not possess polar properties. Thus 'non-centrosymmetry ’ is 
the essential condition for piezoelectricity with only one 
exception. 21 out of the 32 crystal classes are non- 

centrosymmetr ic . 20 out of 21 crystal classes show 
piezoelectricity. The single exception is (432) class of 
crystals. Though this (432) class of crystal is 

noncentrosymmetric it has other symmetry elements that combine 
to exclude the piezoelectric property. 

1.2 Piezoelectric Constants: 

Ordinary solids under a stress T show a proportional 
strain S given by T = Y.S. But piezoelectricity implies 

additional creation of electric charge. The equations of state 

that describe a piezoelectric body in regard to its electric 
and elastic properties are, in their general form, as follows: 

T 

D = d.T + £, .E (Direct piezoelectric effect) 

E 

and S = s .T + d.E. (Converse piezoelectric effect) 

where, D = Dielectric displacement 



T = Stress 

S = Strain 

E = Electric field 

d = a piezoelectric coefficient 

s = The material compliance (inverse of stiffness) 

0 = Dielectric constant. 

For both the direct and the converse effects, the 'd' 
coefficient is the proportionality constant between 
displacement and stress, or strain and electric 
field according to the relationships 
D S 

d = - = - (meters/volt, or Coulomb/Newton) 

T E 

and is known as charge or strain coefficient. 

Another frequently used piezoelectric constant is 'g' 
which gives the field produced by stress and is known 

as piezoelectric voltage coefficient, 

E S Volt/meter Volt-meter 

T D Newton/sq .meter Newton 

Rigorous development of these relationship may be found 
elsewhere [2,3]. Jaffe and Berlincourt [3] defined the 

piezoelectric constants as partial derivatives evaluated at 
constant stress (subscript T), constant field (subscript E), 
constant displacement (subscript D) or constant strain 
(subscript S). These boundary conditions can be thought as 
"free", "short circuit", "open circuit" and "clamped" 
respectively. The definations are 
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d 


a s 



BD 




E 


g 


(- 


d_E 

Vt ’d 


B s 




T 


These are derived from the equations of state of a solid 
body. For ceramics and crystals, the elastic , dielectric and 
piezoelectric constants may differ along different axes. For 
this reason they are expressed in tensor form [3]. 

The best single measurement of the strength of a 
piezoelectric effect is the electromechanical coupling factor 
k. When an electric field is applied it measures the 
fraction of the electrical energy converted to mechanical 
energy (or vice versa when a crystal or ceramic is stressed). 

2 

The actual relationship is interms of k . 

electrical energy converted to mechanical energy 

2 

= 

input electrical energy 


or , 

2 

k 


mechanical energy converted to electrical energy 


input mechanical energy 

As the conversion is always incomplete the value of k is 

always <i. Typical values of k are 0.1 for quartz, 0.4 for 

barium titanate ceramic, 0.30^0.7 for Pb(Zr Ti )0 , 0<x<l, 

X i~x 3 


o 

and as high as 0.9 for Rochelle salt at its Curie point (24 C). 
Dielectric constant is another important property of 

these materials. The relative dielectric constant, K, or £/ 

So 
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is the ratio between the charge stored on an electrode of this 
material brought to a given voltage and the charge stored on a 
set of identical electrodes separated by vacuum. The relative 
dielectric constant is dimensionless quantity. It depends on 
the orientation of grains of piezoelectric materials and 
differs widely when measured parallel or perpendicular to the 
polar axis [1]. The dielectric constant when measured at 
constant stress is called "free' dielectric constant denoted 
by superscript 'T'and when measured under constant strain 

is known as 'clamped' dielectric constant denoted by superscript 
'S'. The free and clamped dielectric constant may differ greatly 
for strong piezoelectric materials. The relation between the two 
is 

S T 2 
K = K (1 - k ) 

P 

where kp is electromechanical coupling coefficient (planer). 

A convenient method [4] of uniquely specifying all these 
directional properties is to use subscipts which defines 
orientation direction as described in figure 1.1. The '3' 
direction is usually taken as poling (polar) axis and '1' and '2' 
directions are orthogonal axes to '3'. Shear effects are 
indicated by the subscripts '4', '5' and '6'. Coefficients that 
relate two variables (e.g., the 'd' constant) are indicated with 
two subscripts, the first of which refers to the electrical 
direction (electric field or dielectric displacement) and the 
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second to the mechanical direction (stress or strain). Also when 
a property is being measured holding another quantity constant, a 
superscript symbol is used to indicate the quantity held 
constant. The mostly used piezoelectric coefficients with 
appropriate subscripts and superscripts are given below: 


d 

31 


E 

S 


D 

S 

e" 

e® 

T 

K 


S 

K 


d 

33 


d 

31 


s 

31 


♦•stress or strain direction 

■►displacement or electric field direction (electrodes 
are perpendicular to the '3' axis) 

compliance at constant electric field (electrodes 
shorted ) 


compliance at constant displacement (open circuit) 

dielectric constant at constant stress (free) 

dielectric constant at constant strain (clamped) 

relative dielectric constant at constant stress 
(free) 

relative dielectric constant at constant strain 
(clamped) 

charge or strain coefficient (longitudinal); 

(charge density/ applied stress, C/N; 
strain developed/applied field, m/Y) 
charge or strain coefficient (lateral), m/V or C/N 

J 


2 

MeaKanjccL OrMpUiJanet (lateral), m /N 



voltage coefficient (lateral), 


V-m 


8 


g 

31 


N 


(open circuit field/applied stress) 

K = relative dielectric constant, longitudinal, 

3 

no units (K = K = £ ^ S ^ 

3 33 33 o 

k = electromechanical coupling factor (longitudinal), 

33 


no units 

k = electromechanical coupling factor (lateral), 

31 


no units 

k = electromechanical coupling factor, planer (radial), 

P 

no units (thin disk only). 


1«3 Piezoelectricity in Ceramics 

Crystalline ceramics are randomly oriented grains 
intimately bonded together forming the solid. Even though the 
individual crystals in a ceramic may be strongly 
piezoelectric, the random orientation of the crystals cancel 

the piezoelectric effect of the individual grains. If the 
dipoles can be oriented in a particular direction by the 
application of electric field, then this orientation of 
dipoles would impart piezoelectric property to the ceramic. 
However in some crystals (e.g-. Tourmaline, Hexagonal CdS 
etc.) electric field higher than break down field is 
necessary for reversing the dipoles so that this process can 
not be used to impart piezoelectricity. Thus spontaneous 
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polarisation and reversibility under electrio field of a 
magnitude less than the break down field are necessary 
for developing piezoelectric properties. Ferroelectric 
ceramics are (fig. 1.2) characterised by spontaneous and 
reversible polarisation by low electric field. After sintering 
when the ceramic is cooled down from high temperature to room 
temperature it undergoes conversion from pyroelectric phase to 
ferroelectric phase accompanied by elongation of the crystal 
in the direction of dipoles. This gives rise to intergranular 
stresses. To minimise these stresses ferroelectric domains are 
formed within which all the dipoles are aligned in the same 
direction . 

Application of an electric field (called poling) orients 
these domains in the direction of electric field and develops 
piezoelectric properties. 

Ferroelectric ceramics due to their following 
characteristic properties have become very useful in device 
applications. These properties include 1) High dielectric 
constant, 2) High piezoelectric constants, 3) Relatively low 
dielectric loss, 4) High electrical resistivity, 5) Moisture 
insensitivity, 6) High electromechanical coupling 

coefficient, 7) Medium hardness and in some cases, 8) High 
optical transparency and 8) High electro-optic coefficients. 

The basis for the existence of f erroelectr icity rests 
primarily on structural (symmetry) considerations. The number 
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Figure 1.2 : In terrel tionship of piezoelectrics crystals and 

subgroups on the basis of internal crystal 
symmetry 
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of actual f srroelec tr ics today are known to be thousands when 

one includes the large number of solid solution composi tions - 

Ferroelec trici ty was first discovered in Rochelle salt by 

Valesek in 1920. Further significant developments in the 

history of f erroelectric materials came in the 1940s when 

ferroelec trici ty was discovered in single crystal and in 

polycrystalline barium titanate (BaTiO ), ceramics. In i950s the 

3 

ferroelectric lead-zirconate-titanate , [PZT], ceramic solid 
solution compositions developed [5] into most promising 
piezoelectric ceramic material. Before the discovery of BaTiO 

3 

piezoelectric ceramic, TiO with dielectric constant, 100, was 

2 

known to be the best dielectric material. BaTiO with dielectric 

3 

constant, 1100, is still widely used for device application 
because of high stability over wider temperature range as 
compared to any other previously known materials- 

Barium titanate has a perovskite structure (fig. 1-3). 

The ideal perovskite structure is cubic with titanium ion at 
the body centre, barium ions at the cube corners and oxygen 

«.8 

ions at the face centres of the cube. The [TiO ] octahedra 

6 

extend indefinitely in three dimensions to form the main 
skeleton of the structure. 

For many compounds, including BaTiO , the cubic structure is 

3 

stable only at high temperature . On cooling distortions from the 

+4 

cubic structure are produced with Ti ion displaced slightly off 
centre giving rise to tetragonal structure (fig. 1.4). This 
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Fig. 1.3 The perovskite structure as typified by 
BaTiOa above Curie temperature. 



FigJ.4 Ions position in tetragonal BaTlOa-l?] 
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produces the distorted acentric [TiO 1 octahedra and gives rise 

6 

to an electric dipole moment. 

In PbTiO , the TiO and PbO polyhedra are more 
3 6 12 

distorted than in BaTiO . This is shown in figure 1.5. 

3 

Hence the polar character of PbTiO is more 

3 

pronounced than that of BaTiO and their Curie temperatures 

3 

o o 

are 490 C and 120 C respectively. The discovery of high 
dielectric constant in ferroelectric ceramics rocketed the 
investigations in this area. 

1.4 PZT Piezoelectric Ceramics: 

The discovery of very strong and stable piezoelectric 
effect in PZT solid solution [6] in 1854 gave a jolt to the 
researchers in this field. Higher Curie temperature of PZT 
o o 

(360 C) over BaTiO <120 C) gave stable piezoelectric 

3 

properties over a wide range of temperature. Doped PZT 

ceramics on the other hand give much improved properties over 

pure PZT ceramics [5] and finds a wide range of application in 

transducers, wave filters, high voltage source, sounders etc. 

PZT is a solid solution of lead-zirconate (rhombohedral) 

and lead-titanate (tetragonal) with varying degree of 

composition .The generalised chemical formula is Pb(Zr Ti )0 

X 1-x 3 

where 0 < x < 1. 

Esturo Sawaguchi [8] first developed the phase diagram of 

the solid solution of PbZrO -PbTiO system. 

3 3 


He established 
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Fig. 1.5 Distortions in (a) the TiOe and (b) the PbO <|2 
coordination polyhedra of tetragonal PbTiO . 
The two crystallographicaUy distinct oxygens 
are labelled here 0i and 0ii,[65] 






that substitution of Zr 


in PbTiO 


reduces the 


44 


for 



3 


tetragonal distortion (fig. 1.6) and ultimately causes the 
appearances of another ferroelectric phase of rhombohedral 
(R-3m) symmetry. The boundary between tetragonal and 
rhombohedral phases is nearly independent of temperature 

•+•4 

( morphotropic ) . Still more Zr causes the appearance of the 

orthorhombic antif erroeiec trie PbZrO phase [9]. Its exact 

3 

extent is rather impurity sensitive. The current version of 
phase diagram (fig. 1.7) is determined with zirconia containing 
low amount of hafnia. 

The rhombohedral ferroelectric phase actually divides 
into two phases [10] shown by measurement of both electrical 
properties and thermal expansion, although both appear to be 
simple rhombohedral cell by X-ray diffraction. Neutron 
diffraction studies indicate a multiple rhombohedral cell for 
the low temperature phase [11]. 

Morphotropic phase boundary (MPB) in PZT ceramics is the 
tetragonal-rhombohedral phase boundary. This 'phase boundary' is 
considered at that composition where the two phases are present 
in equal quantity. Initially, it was thought that tetragonal- 
rhombohedral phase boundary corresponds to a specific 
composition. Later many researchers showed it to be a range of 
compositions and not a specific one. 

P. Ari-Gur and L. Benguigui showed by means of X-ray 
diffraction the co-existance region to be a wide range of 
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Fig. 1.6 Unit cell distortion at room temperature for 
the PbTi 03 -PbZr 03 system. [5] 



Fig. 1.7 PbTi 03 -PbZrOa sub-solidus phase diagram. 
[5] 
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compositions [12]. The lattice parameter within this range is 

independent of 'x' (concentration of ZrO ). Mabud [13] showed 

2 

that MPB is a range of compositions whose width depend upon the 

firing temperature and time. He observed the width to be 4 mole 

percent (x co x = 0.04) whe're as Gur et al [12] observed it to 
R T 

be as large as 15 mole percent. 

The solid state reactions leading to the formation of PZT 

solid solution have been studied by many investigators but with 

differing conclusions. Matsuo and Sasaki [14] did not observed 

formation of PZ as an intermediate phase. According to them 

when PbO, TiO and ZrO in the molar ratio 2:1:1 is heated; 

2 2 

PbO and TiO react to form PbTiO almost completely at 
2 3 

o 

650 C. The reaction PbTiO + PbO + ZrO Pb(Zr Ti )0 

3 2 X 1-x 3 

o 

starts near 650 C. In this reactions soon as ZrO starts to 

2 

react with PbO, PbTiO reacts to form Pb (Zr Ti )0 solid 

3 X 1-x 3 

solution. The formation of this solid solution increases steadily 

with time and temperature. T. Ohno et al [15] observed 

synthesization of PZT only after the formation of PZ and PT as 

intermediate phase. The reaction sequence given by Speri and 

Hankey and Biggers [16] is (i) P + T = PT, <ii) P + PT + Z = 

P<SS), iii) PT + P(SS) = PZT. The final stages of the reaction 

particularly the composition however was not discussed by these 

workers. Chandratreya et al [17] reported the diffusion of 

various ionic species to form the solid solution. X-ray and DTA 

O ! 

analysis shows that PT begins to form at 450 C and finishes at > 



o 

600 0 and is exothermic in nature. They observed PIT to form at 
o o 

715 C which was over at 785 C- But they did not observe the 
formtion of PZ. Consequently they ruled out the PZT formation 
based on initil formation of PT and PZ in large amount followed 

+4 +4 

by interdiffusion of Ti and Zr ions- They suggested that 

three reactants PbO, ZrO and PT form reactive substances and by 

2 

'+’4 +2 +4 

coupled reactive exchange of Zr and 2Pb at ZrO /PT and Ti 

2 

+2 

and 2Pb at the PT/PbO interfaces followed by counter diffusion 
+ 4 +4 

of Zr and Ti within the perovskite lattice. 

B.V. Hiremath et al [18] suggested the following reaction 
sequence : 


i) PbO + TiO = PbTiO 
2 3 

ii) PbO or PbO(ss) + ZrO = PbZrO or PbZrO - rich 

2 3 3 

intermediate compound 

iii) PbTiO + Remaining ZrO = Pb(ZrTi)0 solid solution 
3 2 3 

intermediate rich in PT 

iv) The intermediate products from either step (i) or step 
(iii) above, react with the product of step (ii). The 
resulting PZT solid solution has a distribution of Zr/Ti 
ratios determined by the previous steps, 

v) The solid solution homogenises resulting in narrow 

composition fluctuation . 

The PZT ceramics offer good piezoelectric properties over a 


wide range of compositions 


Jaffe et al[6] reported 


the 
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excellent performance of PZT ceramics with compositions near the 

tetragonal rhombohedral phase boundary. They observed high value 

of dielectric constant and coupling coefficient as well 

as relatively small variation of these with changing temperature. 

Boundary being nearly morphotropic , temperature 

dependence of electromechanical properties are free from 

polymorphic irregularities in contrast with BaTiO . They 

3 

observed that composition rich in PbTiO , causes a marked 

3 

decrease in the response because increasing c/a ratio hinders 
alignment of the domains. 

Therefore a composition which lies in the MPB region is of 
particular commercial interest. Hence subsequent work has 
centred mainly around the MPB compositions. 

1.5 Processing Parameters of PZT Ceramics: 

Now-a-days PZT ceramics are fabricated by the following 
processes : 

i) Conventional solid-state sintering or mixed oxide 
process 

ii) Spray decomposition 

iii) Coprecipitation 

iv) Coating 

v) Sol-gel. 

Commercial way of fabrication of PZT is 'conventional solid 
state sintering process'. The author has followed this process 
for fabricating the test materials. Hence discussion will be 
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restricted to this process only. 

Conventional solid state sintering process for other ceramic 
system^ specially for nonvolatile system creates no problem and 
appears to be very simple. But in PZT system, PbO creates 

o 

problem. Melting point of PbO is 888 C and its vapour pressure is 
appreciable [18] at high temperature. This counts for 
appreciable amount of lead loss at the calcination and sintering 
temperature and leads to nonstoichiometry in the PZT 
compositions. Deficiency of PbO in the PZT body seriously hamper 
the piezoelectric properties [19]. Approximate flow sheet for 
fabrication of PZT by this process is given in fig- 1.8. The 
parameters which are of most important are listed below: 

i) Raw materials' purity and particle size, 

ii) Way of mixing, 

iii) Type of liquid used to make a slurry, 

iv) Time of mixing, 

v) Time and temperature of drying of the mixed oxide 
powder , 

vi) Pressure used during the compaction of the pellets, 

vii) Calcining temperature and time, 

viii) Rate of heating, 

ix) Sintering atmosphere & composition of atmosphere powder, 

x) Sintering temperature and time, 

xi) Soaking period, 

xii) Use of dopants as processing aids. 




Flow sheet for solid state processing of PZT 


ceramics 
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Slight change in the four parameters, vis. Cii"', (iii>, f iv) 

and (v) do not affect the end property of the PZT ceramics 

significantly. But the rest have enormous effect. 

Raw materials for PbO, ZrO and TiO must be as pure 

2 2 

as possible. Particle size should be within a certain range. 

Dana L. Hankey and James V. Biggers [20] showed the rate constant 

for solid state reactions for PbZrO formation was increased by a 

3 

factor of 1.5 by decreasing the particle size of zrO from 2.0 

2 

micron (plasma processed) to 0.6 micron (attrition milled). They 

also showed that rate constant for solid state reaction for the 

formation of PbTiO was increased by a factor of three when the 

3 

packing pressure was increased from 0 to 206 MPa. The rate 
constant for compressing with 0, 103, 173 and 206 MPa pressure 

-5 

were 1.5, 3.1, 3.2 and 4.4x10 per second respectively. 

Mixing of the particles of PbO, TiO and ZrO is of great 

2 2 

concern for the homogeneity of the end product. Various authors 

[21-23] have shown methods to determine the compositional 

fluctuations using powder X-ray diffraction technique. By this 

method it was revealed that the width of compositional 

fluctuation extends from 10% to 30% for Pb(Zr Ti )0 prepared 

X 1-x 3 

by ordinary dry method. This compositional fluctuation can be 
reduced by careful control of all the steps. Authors [22-24] have 
suggested various means to produce PZT with reduced or even no- 
compositional fluctuation. 
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It W35 mentioned earlier that the valatal ieation of PbO 
becomes appreciable at higher temperature. This has become a 
stumbling block to the reproducible production of high quality 
PZT ceramics. It is known that loss of PbO and resultant 
variation in composition affect both densif ication process and 
intrinsic electromechanical properties of the ceramic. It has 
been stated [25,26] that the presence of a PbO excess is critical 
for the achievement of high densities. Atkin and Fulrath [27] 
and Holman and Fulrath [28,29] discussed the use of atmosphere 
powders of particular compositions in the sintering enclosures, 
and the vapour phase equilibrium of PbO between sintering compact 
and atmosphere powder. According to them that it is particularly 
convenient to sinter a PZT compact in the presence of an 
atmosphere powder which has a fixed PbO vapour pressure over a 
range of PbO contents. The PbO content refers to the PbO/(Zr, Ti) 
ratio. Atkin and Fulrath [27] using the concept of PbO activity 
(ratio of partial pressure of PbO over the PZT compact to the 
vapour pressure of PbO over PbO only), and the composition - 
temperature and composition - activity phase diagram of PbO- TiO 

2 

and PbO-ZrO (fig. 1.9) showed that the closed atmosphere retains 
2 

a fixed PbO activity. Thus the PZT compact independent of its 
initial PbO content can equilibriate to a fixed PbO content. 

A. I. Kingon and J.B. Clark [30] studied in detail the 
atmosphere control during the sintering of PZT. According to 
them the PbO activity of the PZT compact is a function of the 



Activity of PbO 

dt 1200°C Temperature (°C) 
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PbO PbTiOa 


TiOa PbO PbZrOa Zr02 


No. of Phases Present 



Fig. 1.9 Composition -temperature and composition - 
activity of Pb0-Ti02 and Pb0-Zr02 
system. [27] 
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excess PbO content contradicting the previous reports. They 

showed that with PZ + Z [CPbZrO + 10% ZrO ] and PZT + ZT 

3 2 

[Pb (Zr Ti )0 + (Zr, Ti)0 ] atmosphere powder the PZT 

0.525 0.475 3 3 

compact under closed atmosphere equilibrates to yield 0.8% and 

1.6% PbO deficient PZT compacts respectively. The PZT compact 

with 0.1%, 3% and 19% excess in PbO equilibrated with atmosphere 

powder PZ +P (PbZrO + 10 wt% PbO excess) and resulted in 

3 

increase in weight for 0.1% and 3% excess PbO but decrease in 

weight for 19% excess PbO under isothermal run due to vapour 

phase transfer of PbO from atmosphere powder to PZT compact. 

This is direct confirmation that PbO activity of Pb(Zr,Ti)0 + 

3 

PbO increases with increasing excess PbO. However, PbO content 
are less reproducible for PZT compositions which contain a PbO 
excess. This excess PbO causes the liquid phase sintering which 
substantially enhances the initial and intermediate stage of 
sintering [31]. But in the final stage of sintering the presence 
of this liquid phase lowers the densif ication rate. On the other 
hand an increasing defect concentration due to an increasing PbO 
deficiency increases the densif ication rate during final stage of 
sintering . 

Calcination and sintering are the most important parameter 
for the preparation of good ferroelectric PZT ceramics. D.A. 
Buckner and P.D. Wilcox [32] concluded from their work that it 
was important to establish the correct calcining condition. 
According to them the practice of controlling final density by 
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proper selection of the calcining condition is a more positive 
method than the method of adjusting the sintering condition « The 
optimum calcining temperature can be expected to lie within a 

o 

broad temperature range near 900 C perhaps ranging as high as 
o 

1000 C- The time required for calcining is of secondary 
importance (fig, 1.10). In the final firing, the grain size of 
the ceramic is dependent on the temperature. Time is again a 
secondary importance (fig. i.il). 

Rate of heating is another important factor for optimum 
piezoelectric property. C.E. Hail and J.B. Blum [33] obtained 

o 

maximum piezoelectric property by keeping heating rate 4 C/min. 

Charles E. Baumgartener [34] studied fast firing and convention! 

sintering on PZT-5 and obtained that fast firing gave a density 

of 7-66 gms/c.c. as compared to 7.4 qms/c.c. via conventional 

sintering process. He also obtained 77. higher d value, 

33 


1.6 Doping Effect in PZT Ceramics 

Almost unrestricted opportunities in varying the properties 
of piezoceramics are given by doping additives. The different 
types of additives used so far in the PZT ceramics can be grouped 


in the table 


1 [35] as given below: 



Density (gm cm" ^ L. Density (gm cm"^) 
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10 Effect of calcination temp, on the density 
of end products. [32] 



Firing Soak Time (hrs) 


Fig. 1.11 Effect of sintering soak time on the density 
of end products. [32] 


Calcining Time=2hrs 
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Table — 1.1 


Some possible arrangements for the substitution of ft and B sites 
in the perovskite structure. The dopants which go to a 
particular site are also given 


PbZrO - PbTiO 
3 3 


1 + 

3 + 

2+ 

5+ 

3+ 5+ 

(A A )TiO 

3 

Pb(B 

B )0 

3 

Pb(B B )0 

3 

1/2 

1/2 

1/3 

2/3 

1/2 1/2 

2 + 

6+ 

3+ 

6+ 

1+ 5+ 

Pb(B B )0 

3 

Pb(B 

B )0 

3 

Pb(B B )□ 

3 

1/2 

1/2 

2/3 

1/3 

1/4 3/4 


1 + 

A 

Li 

Na 

K 







3+ 

A 

Bi 

La 

Nd 







1 + 

B 

Li 

Cu 








2+ 

B 

Mg 

Ni 

Zn 

Mn 

Co 

Sn 

Fe 

Cd 


3+ 

B 

Mn 

Sb 

A1 

Yb 

In 

Fe 

Co 

Se 

Y 

5+ 

B 

Nb 

Sb 

Ta 

Bi 






6+ 

B 

W 

Te 

Re 










The impurities mentioned in the table-1 can be categorised 


into three groups [5] : 


+ 1+1+2 +3 +3 3+ 


i) 

Impurity acceptors : 

: K , Na , Mg 

, Sc 

, Fe 

, A1 

etc 



+3 +3 

+ 5 

+ 5 

+ 5 



ii) Impurity donors : La , Bi , Nb , Ta , Sb , 


+6 

W , etc. 

2 + 2 + 

iii) Other isovalent substituting : Sr , Ca , etc. 
impurity ions 

Ion valency of the acceptor ions are lower than those of 

substituted ions in ABO perovskite crystals. It contributes 

3 

fewer electrons to the structure than the ions it replaces, thus 
creating holes whose consequence is the creation of oxygen 
vacancies 

-2 

2h + 0 ^ 0 + V 

o 

on the other hand, ion valency of the donor ions are higher than 
those of substituted ions. These contributes extra electrons to 
the structure which leads to creation of A-site, i.e. lead 
vacancies 

+2 

2e + Pb 3»- Pb + V 

A 

isovalent substitution does not create any vacancy. 

Though the donor ions create vacancies in A-site but 

depending on the increase of partial pressure of PbO B-site 

vacancies can also be created [36] . In an investigation of the 

addition of La 0 to PbTiO in relation to the partial pressure 
2 3 3 

of PbO, Detlev Hennings [37] showed that specimens with only A- 
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As the partial pressure of PbO is increased, the cancentration of 
A-site vacancies decrease and that of B-site vacancies increase, 
as expected. However partial pressure of PbO can not be 
increased arbitrarily. It is naturally limited by the 

condensation of PbO as a liquid phase at the grain boundaries of 
the ceramic . 

P. Ronnard and M.Troccaz [38] showed that donor impurity 
ions not necessarily always occupy completely the A-sites only. 
Their theoretical model supported by experimental proof showed 
that the distribution of an ion on the A and B sites was a 
regular function of ionic radius. This type of dopant 
distribution has direct impact on the piezoelectric properties of 
the PZT ceramics. 

It is mentioned earlier that piezoelectric properties of PZT 

ceramics are enormously changed by the introduction of dopants. 

T. Roy Chowdhury and S.B. Deshpande [39] doped three valent ions 

+3 +3 +3 +5 +5 

(La , Pr , Nd ) and five valent ions (Nb , Ta ) and 

observed that with increasing concentration of +3 valent ions T 

c 

(Curie temperture) reduces very much, dielectric constant 

improves, d increases at a lower concentration but decreases at 
31 

higher concentration. k improves at lower concentration but 

P 

again reduces with increasing concentration of dopants. For five 

valent dopants dielectric constant and d increases but Curie 

31 

temperature reduces, k after initial increase gradually reduces. 

P 

|40l studied the off T;ct of La^O^# Nd 20 


Prank Frank KuXcsar 



31 

Nb 0 , Ta 0 on PZT compositions near morphotropic phase 
2 5 2 5 

boundary. Modified ceramics showed k of about 0.50 and 

P 

substant i ously increased dielectric constant upto 1545. Q 

M 


decreased to about 70. Volume resistivity increased at 


o 

temperture upto 500 C, T also decreased. 

c 

S. Takahashi and M. Takahashi [41] studied the effect of 

impurities on the Mechanical Quality factor (reciprocal of 

internal friction) of PZT. The observed impurities like La 0 , 

2 3 


Nb 0 , Ta 0 , Sb 0 , Bi 0 , WO and ThO decrease the values of 
25 25 23 23 3 2 

Q . It seems that the impurities give rise to the formation of 
M 

vacancies in the Pb positions making domain wall remarkably 

mobile and increasing internal friction. On the other hand Na 0, 

2 


K 0, Ga 0 , In 0 , Cr 0 , Fe 0 , Co 0 , NiO, Rh 0 , IrO and U 0 
2 23 23 23 23 23 23 2 38 

increases the value of Q . 

M 

The group characteristics of entire donor impurities and 
acceptor impurities given by Jaffe [5] are 



Donor impurities 


Acceptor impurities 

1. 

Relatively low dielectric 

1. 

Increased dielectric constant 


constant 



2. 

Low dielectric loss 

2. 

High dielectric loss 

3. 

Moderately lower electrical 

3. 

Higher electrical volume 


volume resistivity 


resistivity 

4. 

High Q 

4. 

Low Q 


M 


M 

5. 

High coercive field 

5. 

Low coercive field 
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Effect of isovalent substitution in PZT ceramics are not 
thoroughly investigated. F. Kulcsar [42] studied the effect of 

+ 2 +2 +2 

substitution of Pb by Sr and Ca . According to him every 
atom percent addition of either of these divalent impurities 

o 

lowers the Curie temperature about 9.5 C but raises the 

dielectric constant at room temperature. Coupling factor and 

elastic modulus are not greatly affected. It slightly raises 

d . F. Kulcsar [43] again studied the effect of substitution of 
33 

+4 o 

B-site ions by Th (ionic radius *99 A ) in PZT. The effect of 

+ 5 +3 

this ion is comparable with that of Nb or La ions. The 
results are given in the table - 1.2 
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Table 1.2 

Compositions and Properties 


Composition 

F ired 

de.nsity 

gms/c . c 

Dielectric 

constant 

at 1 kc/s 

Dissipation k 

P 

factor (D%) 

at Ikc/s 

Pb Th (Zr’ Ti )0 

.988 .006 ,52 .48 3 

7.83 

1560 

1.5 

0.56 

Pb(Zr Ti )0 +lwt%Nb 0 

.53 .47 3 2 5 

7.43 

1371 

1.4 

0.53 

Pb(Zr Ti )0 +lwt%La 0 

.54 .46 3 2 3 

7.46 

1483 

2.0 

0.53 


Thus though substitution in A-site does not much improve the 
quality of PZT ceramics, the isovalent substitution in B-site has 

:.rfij..rov-Jci the pjX>perti.-j:S. 



1.7 Present Work 


J4 

The author did not ^fund any work on the effect of isovalent 

substitution of cerium oxide (CeO ) in PZT ceramics. CeO has 

2 2 

the characteristic capability of dissolving in sirconia to form 
stabilized zirconia (cubic solid solution). More than 20 mole 
percent ceria in zirconia forces monoclinic zirconia to be 
converted into cubic structure which is stabilized zirconia. Thus 
the study of the effect of substitution of zirconia by ceria in 

+4 

PZT ceramics can be an interesting work. Ionic radius of Ce 

o +4 o 

(0.92 A ) is closer to thatojZr (0.84 A ). According to the 

model of P. Gonnard and M. Troccaz [38] though most of the 

substituted Ce should occupy the B-site some amount should also 

- +2 
occupy the A-site which means the elimination of Pb to a very 

small extent from the A-site of perovskite structure. According 

to their theoreticl model the distribution of occupancy is about 

17% A-site and 83% B-site. Hence the author has selected CeO as 

2 

the doping impurity in PZT ceramics. Composition was selected 
at X = 0.535 and ceria was doped at different concentrations 
replacing zirconia. Some interesting results regarding 
piezoelectric and mechnical properties were obtained. 



CHAPTER 2 

SAMPLE PREPARATION AND CHARACTER I Z AT I ON 
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2.1 Sample Preparation 

2.1.1 Raw Materials 

The raw materials used for the preparation of PZT samples 
are as foil ows : 


Table 2.1 


Details of Chemicals Used 


Chemicals 

Purity 

Manuf ac turer 

1 . 

Lead II Oxide (Yellow) 
(PbO) 

>99.07. 

Fluka-Garan tie , Switzerland 

2. 

Zirconia (ZrO ) 

99 . 57. 

Indian Rare Earth Ltd. 


2 




( Unstabi 1 i zed ) 


(IRE) Kerala 

3. 

Ti tania ( TiO ) , 

>997. 

Fluka-Garan tie , Swi tzer land 


2 




E Anatase] 



4. 

Cerium Oxide (CeO ) 

99 . 997. 

Indian Rare Earth Ltd. 


2 


(IRE), Kerala 


2.1.2 -Preparation of Atmosphere Powder 

The composition of the atmosphere powder was selected as 

PZ + 5 wtX PbO. The 5 wt7. excess PbO was used in the atmosphere 

powder to maintain the stoichiometry of the PZT composition. 

250 grams of batch material for the atmosphere powder was 

prepared by weighing PbO and ZrO accurately. The batch material 

2 

was put in a plastic jar. It was wet ball milled with A1 0 

2 3 
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Dalis for 5 hours. Isopropanol was used as liquid media. It was 

o o 

dried in a beaker with constant stirring at 80 G + 5 C. The 

dried power was poured in a recrystallised alumina crucible and 
covered with a similar crucible. The whole assembly was 
transferred in a pit furnace with silicon carbide heating 


0 

element. It was calcined at 860 C for 4 hours. After taking out 
from the furnace the atmosphere powder which formed a compact was 
crushed to powder by agate mortar and pestle. 

However X-ray examination of the powder shows that it 
contains PZ and free zirconia in small amount. Thus some loss 
of lead occurs during prepartion, leading to a lead deficient 
powder . 


2.1.3 Preparation of PZT Compositions 

The morphotropic phase boundary in Pb(Zr Ti )0 lies at 

X l~x 3 

X csr 0.535. Samples were prepared having this value of x but 

part of ZrO was replaced by CeO so that the composition can be 
2 2 

represented by Pb(Zr Ce Ti )0 , with € = 0j 0.001, 0.01, 

x-6 6 1-x 3 

0.02 and 0.05. The molar ratios are given in table 2.2. 

Table 2.2 

Chemical Compositions of PZT Doped with Ceria 


PbO 

ZrO 

TiO 

CeO 


2 

2 

2 

molar 

molar 

molar 

molar 

ratio 

ratio 

ratio 

ratio 

1.00 

0.535 

0.465 

0.000 

1.00 

0.534 

0.465 

0.001 

1.00 

0.525 

0.465 

0.010 

1.00 

0.515 

0.465 

0.020 

1.00 

0.485 • 

0.465 

0.050 
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Two hundred grains of batch materils for each compositions 
was prepared. Individual oxide component was weighed accurately. 
The steps for preparation and drying of the slurry were similar 
to the preparation of atmosphere powder. The dried powder was 
passed through 60 mesh (ASTM) screen. It was then loosely poured 
in the recrystallised alumina crucible. Atmosphere powder was 
taken in a platinum crucible. It was placed over the loose 
powder. The system was covered with similar alumina crucible. 
The total assembly is shown in figure 2.1. a. It was then put in 

o 

the pit furnace. The calcination was done at 960 C for 4 hours. 
The approximate calcining schedule is given in table 2.3. 


Table 2.3 
Calcining Schedule 


Time, in hours 
o 

C 

Temperature of the crucible 

0 

40 

1 

140 

2 

330 

3 

520 

4 

700 

5 

850 

6 

960 

10 

960 
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Atmospher powder 

Platinum crucible 

Recrystallised 
alumino crucible 


PZT powder 


Fig.2.1(a) Schematic diagrdm of crucible arrange- 
ment during calcination. 



Alumina crucible 
AI2O3 powder packing 

Recrystallised alumina 

crucible 

Sample 

Alumina sheet 
Platinum disc 
Atmosphere powder 
Alumina powder 


Fig.2.1(b) Schematic diagram of crucible arrar^e- 
ment during sintering. 



The calcined aggregate of each set was crushed into powder 
in agate mortar and pestle- The powders were then mixed with 45 
c-c- of 2 - 57 - polyvinyl alcohol solution (PVA) and 200 c-c. of 
water was added to make a slurry. This slurry was ball milled for 

o o 

30 minutes for good mixing of PVA- It was dried at 60 C ± 5 C in 
a glass beaker with constant stirring. The dried powder formed 
a lump which was crushed again in mortar pestle and passed 
through 60 mesh screen (ASTM). Pellets were made with fixed 


amount of powder 

(15 

gms or 

12 

gms 

for 

1/2 

•' or 1" 

die 

respectively) and 

well 

compac ted 

using 

9 

ton 

pressure 

in 

hydraulic press- 

The 

pel lets 

were 

sintered 

at 

o 

1200 C for 

4 


hours. Approximate sinterig schedule is given in table 2.4. 

Table 2.4 

Sintering Schedule 

Sintering time Sintering temp. Soaking period 


o 

( C) 



0 



40 




30 

min 

- 

120 

1 

hr«30 mi. 

2 

hr . 

00 

min - 

120 



3 

hr . 

00 

min . 

360 



3 

hr. 

40 

min . 

550 

5 

hrs . 

8 

hr . 

40 

min . 

550 



9 

hr - 

40 

min . 

860 



10 

hr . 

40 

min . 

1030 



11 

hr . 

40 

min . 

1200 

4 

hrs . 

15 

hr . 

40 

min . 

1200 
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The configuration of the 

crucible arrangemet 

during 

sintering 

is 

given in fig.<2.1.b). 

further studies. 

These test pellets 

were 

used 

for 

all 

2.2 Phase Analysis 

Phase analysis of 

the samples was carried 

out 

by 

x-T®,y 

diffraction technique. 

The specimen for 

X-ray 

was 

made 

by 


grinding the sintered sample in an agate mortar to fine powders. 
The powdered sample was packed into a rectangular perspex sample 
holder. The surface was smoothened by sliding and compressing 
with a glass slide back and forth over it. A REICH SEIFERT ISO- 

o 

DEBYEFLEY 2002 DIFFRACTOMETER CuiU < = 1.5400 5 A ) radiation 

was used. 

The X-ray diffraction patterns of the sample were taken in 


o o 


the 28 range of 20 to 75 with the following operating 

conditions given in table 2.5. 

Table 2.5 

Conditions for Operation of X-ray Diffractometer 

Current, voltage 

= 

20 mA, 30 KV 

Time constant 


10 sec. 

Beams slit width 

= 

1.5 mm . 

Detector slit width 

= 

0.3 mm . 

Scanning speed 

= 

0 

0.6 /min. 

Chart speed 


15 mm/m in. 

Full scale intensity 

= 

10 K counts/min 
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The configuration of the crucible arrangemet during sintering is 


given in fig.(2.1.b). 

These test pellets were 

used 

for 

all 

further studies. 






2.2 Phase Analysis 






Phase analysis of 

the 

samples was carried 

out 

by 

x-my 

diffraction technique. 

The 

specimen for X-ray 

was 

made 

by 


grinding the sintered sample in an agate mortar to fine powders. 
The powdered sample was packed into a rectangular perspex sample 
holder. The surface was smoothened by sliding and compressing 
with a glass slide back and forth over it. A REICH SEIFERT ISO- 

o 

DEBYEFLEY 2002 DIFFRACTOMETER CuKo< ( A = 1.5400 5 A ) radiation 

was used. 

The X-ray diffraction patterns of the sample were taken in 

o o 

the 28 range of 20 to 75 with the following operating 
conditions given in table 2.5. 

Table 2.5 

Conditions for Operation of X-ray Diffractometer 


Current, voltage 
Time constant 
Beams slit width 
Detector slit width 

Scanning speed 
Chart speed 


= 20 mA, 30 KV 

= 10 sec. 

= 1 . 5 mm . 

= 0 . 3 mm . 

o 

= 0.6 /min. 

= 15 mm/min. 

= 10 K counts/min 


Full scale intensity 
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From the diffraction pattern ( 20 Vs. Intensity) the phases 
present were identified from the peak positions. The peak 
positions were compared with standrd X-ray data files (14-31). 
From the peak position , lattice parameters were calculated [44] as 
follows : 

Tetrgonal System 

Interplaner spacing of tetragonal system, d , is given by, 

T 


2 2 
h +k 


+ 


1 

2 


h,k,l are Millers Indices of a particular plane a , c 

T T 


are the 


lattice constants. Combining the Braggs law with the above 
equation we get: 


2 

sin 8 


2 2 
h +k 


a 

T 


c 

T 


From (200) reflection first a can be obtained, while (002) gives 

T 


Rhombohedral System: 

The interplaner spacing of rhombohedral system, 'd is given 

R 

by : 


2 2 2 2 2 
1 (h +k +1 )sin<3C +2(hk+kl+hl)(cosoc - cosoc) 


2 

d 

R 


2 2 2 
a (1-3 cosoC + 2 cosoc ) 
R 
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' oC ■ is the angle between 'b' and 'o' sides of the lattice and 

also a = b = c = a . 

R 

The lattice parameter determination using the above equation 
is tedious. Easier method of calculation is via hexagonal 
system . 

If H,K,L, are Millers Indices in hexagonl system and h,k,l 
are of rhombohedral system then, 

H = h-k, K = k-1, L = h + k +1. 

Interplaner spacing of hexagonal system is given by, d , as 

H 


2 2 2 

1 4 H +HK+L L 

= - + . [a = b = c ] 

H H H 

2 2 2 

d 3 a c 

H H H 

where a , c are sides of the crystal lattice. 

H H 


Combining the above equation with Bragg's law, we get. 


2 2 
H +HK+K 


sin 6 = 


^ 2 ^ 2 
4 3a c 

H H 


This equation can be solved for a and c by using data of 

H H 

any two rhombohedral peak position. 

From the values of a and c ,a and cC can be calculated 

H HR 


using the following equation: 

1 

2 2 1/2 
a = - (3a + c ) 

R 

3 H H 



and 


3 
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sin ( 



2 


2 i/2 

2 C3 + (c /a ) ] 

H H 


Subscripts Tj, R, H indicates tetrahedral,, rhombohedral and 
hexagonal system respec tively - 


2«3 Measurement of Sintered Density 

o 

The sample was heated at 150 C for 30 minutes in an oven to 

remove the moisture present in it. The dry weight (W ) of the 

1 

sample was taken by a digital balance. 

It was then kept in boiling water for 1 hour and 30 minutes. 
After cooling to room temperature it was weighed under water 


( W ) . Then , 
2 


Density 


W 

1 


W - W 
i 2 


2-4 Measurement of Piezoelectric Properties 

It was mentioned earlier that virgin ferroelectric material 
gives rise to isotropic property due to random orientation of the 
ferroelectric domains. Hence to develop the piezoelectric 
properties in it the ferroelectric domains should be aligned in a 
particular direction under the action of electric field- The 
process by which it is done is known as 'poling'. 

2-4-1 Poling 

During the cooling from high temperature paraelectric state 
to f erroelec trie state each unit cell of the ceramic gets 



This 


deformed and lengthen in the direction of polar axis, 
results in high intergranular stress. To minimise this stress 
ferroelectric domains form. Polarisation direction of domains 
are basically high temperature symmetry axes, (<001>, <110> and 

o o o 

and angle between domains are 90 , 180 , 71 etc. [45]. 
Under the action of electric field the polar axes of the domains 
try to align themselves nearest to the field direction permitted 
by symmetry considerations. It is impossible to align all the 


polar axes 

in 

the same 

direction 

because of initial 

random 

orientation 

of 

domains . 

Baerwald 

[46] on the basis of 

random 


orietation of domains calculated the fraction of polarisation in 
orthorhombic phase having [110] as polar axis to be 91.2%. In 
another paper R. Redin et al [47] showed this percentage for 
tetragonal phase and rhombohedral phase to be 83% and 91% 
respectively. Once poled, the polycrystal ceramic acts much like 
a single crystal with the whole body acting as a single entity. 

Strong electric field is required for poling and it may be 
continuous or intermittent or even varying in strength [48] . The 
dielectric strength of air is very low. Hence media of higher 
dielectric strength is needed in which poling can be 
performed safely. Required poling field and time decrease with 
increasing temperature. Generally poling is performed at about 
o 

100 C [49] . Time of poling varies from as low as 5 minutes to 
even hours. After poling of certain fixed time the material is 
cooled to room temperature with field on. 
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Berson and Marshall [50] gave an empirical relation for the 

effect of thickness on break down field for Pb(Zr,Ti)0 system 

3 


-0.39 

E = 27.2 t 

where , 

t = thickness in cm 

E = breakdown field in kV/cm. 

Determination of ideal poling condition is a difficult task 
as it depends on many parameters like, 

i) Brain size, and size distribution 

ii) Strength of the ceramic 

iii) Amount of different phases present 

IV ) Precipitation of any second phase in the grain boundary 

v) Thickness of the sample 

VI ) Temperature of the environment 

vii) Poling field 

viii) Poling time 

2.4.2 Sample Size and Shape 

The sample size and shape is an important parameter for 
measurement of piezoelectric properties. If in the disk shaped 
sample the thickness to diameter ratio (t/d) is less than 0.1, 
then the error will be less than 1 percent [51]. For rectangular 

2 

bar shaped specimen square of length to thickness ratio (1/t) 

2 

and length to width ratio (R/w) should be greater than 10 [52] 



to obtain the accurate material pi'operty. 
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In the present study measurements were restricted to disc 
shaped specimens only. The dimension of disc was t = 1 mm and d 
= 12 mm. The disc was polished on both surface with 0(0), 2(0), 
3(0) and 4(0; emery papers to make the surfaces smooth and devoid 
of flaws which might cause dielectric breakdown. 


2.4.3 Poling Process 

The disc were gold coated using INTERNATIONAL SCIENTIFIC 
INSTRUMENTS PS-2 COATING UNIT. 


The coating conditions were as follows: 


Current 

Voltage 

Pressure 

Atmosphere 

Time 


= 10 mA 

= 1.1 - 1.3 kV 

= 0 . 1 - 0 . 2 torr 

= Argon atmosphere 
= 12 minutes 


A strong electric field was applied to the gold coated disk 
placed tightly between the two spring loaded electrodes using a 
fixture. The schematic diagram is shown in figure 2.2. To avoid 
dielectric breakdown the whole system was immersed in silicon oil 
bath. The poling field was along the thickness of the disk. 

Following poling conditions were adopted: 
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Fig. 2.2 Schematic diagram of poling fixture. 




Applied field 


3.5 kV/mrn 
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o o 

Temperature of oil bath 100 C ^ 120 C 

T imG 30 minutes in the 

o 

temperature range 100 C 
o 

120 Cm Then cooled down 

o 

with field on to 60 C in 
approximate 25 minuteSj 
field switched off and 
cooled to room temperature. 

2-4.4 Heasurement Techniques 

Two types of techniques can be used: 
i) Static method 
ii) Dynamic method. 

Piezoelectric constants may be measured by the techniques of 
static method with reasonable accuracy but the precision is 
inferior to that obtained with dynamic method. Hence the 
discussion is restricted to later method only- 

Elastic bodies show numerous resonances. But the most 
pronounced are those where the body can just accommodate one half 
wavelength of a standing wave. Piezoelec trie effect is used to 
excite such elastic wave and to observe interaction of the 


mechanical resonance with electric field behaviour. 
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Resonance Method 

This is a simple dynamic method for evaluating piezoelectric 

constants by measuring the resonant (f ) and antiresonant (f ) 

r a 

frequenies corresponding to a longitudinal mode by means of a 
simple electric circuit as shown in the figure (2.3). 

When the piezoelectric material is put in the circuit, the 
electric field sets up vibration in the material through direct 
piezoelectric effect. The commonly encountered modes of motion 
of bars, plates and disks excited piezoelectrically by electric 
field are 

i) Length extentional mode 

ii) Over tone contour-shear mode 

iii) Contour extentional mode 

iv) Contour mode 

v) Contour extentional mode (disk) 

The first two modes of motion are for narrow bars, third and 
first correspond to square plate and the last mode of motion is 
for disk. 

The periodic vibration of the crystal causes periodic 

piezoelectric changes on the electrode through converse effect. 

The properties of any mode of a lightly-damped mechanical 

vibrating system (excited piezoelectrically) can be represented 

near resonance by an equivalent electric circuit (fig. 2.4) which 

consist of a capacitance c , inductance L , and resistance R , in 

11 1 

series, shunted by a second capacitance C in parallel. These 

o 

are the fundamental parameters of the piezoelectric vibrator. 
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Fig. 2.3 Transmission net work for determination 
of fj. and fQ of piezoelectric ceramic 
vibrator. 



Reactance 


Frequency 




\S/'' 


Difference m Xc 
shows clamping 


Fig. 2.4 (a) Equivalent circuit of a piezoelectric body 
(b) Reactance of piezoelectric resonator. [5] 


l’"rary 
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The parameters are independent of frequency if the vibrator has 

no other mode of motion near resonance. 

The equivalent series resistance and reactance of the 

R L C C circuit is given by 
1 1 1 o 

R 

1 


[ 1 - w C X]^ + w^^R^] 

o O 1 


2 2 

X - w C [R +X ] 
o 1 


X = 


s 


2 2 2 2 
[l-wCX] +wCR 

o o 1 


1 


where X = wL - , reactance of the R , L ,C branch in 

1 111 


wC 

1 

the series. The resonance frequencies are obtained by setting X 

s 

= 0. At resonance R is nearly zero. 

Solving this series resonance, f , is given by 

s 


f 

s 


1 


1/2 

2 7T(L C ) 

1 1 
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Similarly parallel 


f 

P 


resonan 

1 

[ 

2 n 


e can be obtained as 


1/2 

C+C 
o 1 

3 

L C C 
1 o 1 


Variation of series reactance, X , with frequency is shown 


in figure 2.4b. The frequencies at zero reactance are measured. 
Piezoelectric properties are measured using their resonant f 

r 

(minimum impedance) and an tiresonance f (maximum impedance) 

a 

frequencies. Complete scheme of measurements are given in 
Appendix 1 [51] . 

Here the measurements are restricted to disk shaped samples 

only f and f are measured by using 4194A IMPEDANCE/GAIN PHASE 
r a 

ANALYSER (HEWLETT-PACKARD). 


Planer coupling coefficient K , is obtained from the f 

P r 

f values of the thin disk with faces perpendicular to z-axis 


a 

f ol lows: 

2 

k 

P 


E 

(1-0- ) J [T^» + 
1 1 


A f 

)]-T\ (1 

1 

f 


A f 

+ — )J [1^(1+ Af/f )3 
o i r 

f 


r 


r 


and 


as 


1 - k 


il + <T ) J ir\ (1 + Af/f )3 
11 r 


where 

J = Bessel function of first kind and zero order 
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J = Bessel function of first kind and first order 
1 


= Lowest positive root of (i +6" Ij ("H) 

^ 1 o 


For G” - 0.3 ( poisson ratio), = 2.05. 

' 1 

The relationship is plotted in fig. 2.5 where k is 

P 

E 

as a function of Af/f curve is for 0" = 0.3 [51]. 

r 

k and k calculated as follows: 

33 31 


33 


2 f 


. , TT Af , 

tan ( ) 

2 f 


1 -(T 


31 


( ) k 

2 p 


d was measured by using the CHANNEL PRODUCTS, MODEL CPDT 
33 

BERLINCOURT PIEZO d METER, 

33 

d is calculated as follows: 

31 


31 


T E 

k (£ S ) 
31 

33 11 


1/2 


Coulombs /New ton 


where. 


1 


2 2 2 . _ 
n d f (1 ) P 

r 


shown 


3300 
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P = ty Of cii; 

Tfi -- ::.05 

<y - P:) . 29 0 . 33 


iK 


dielectric constant, obtained 


as shown later, 


it’’, , r.< given by 


d^ Volt-meter 

«!/ *“f 


T 


£ ' Newton 

33 


K (rf.'lative clamped dielectric constant, longitudinal) 
33 

ea Leu 1 r.i ted an: 


33 


1. 

A 


C X t 
A X 0.0085 

capacitance in picofarad 
thickness in cm 
area in cm 




T -IX 

K X 8.54 X 10 farad/meter. 


T S 

K relative free dielectric constant) is calculated from K by 


33 

by 


33 


K“ 


33 


K 


33 


P 


is 


Poled samples are cleaned thoroughly with acetone and again 
gold coated for five minutes to restore the continuity on the 
both surface. The samples were put in a similar fixture used for 



tor further analysis. The measurements were done 24 hours 
afli'r ijoling to allow for the 'aging' to take place. 

Ill* nieasurernents were done on first a disk shaped test 
■.ample supplied by American Piezo Ceramics Inc. Mackey vi 1 1 e , 

t LI JA . 1 he results showed the good accuracy of the 

(ne.i’.ui ement technique. 

V.b M<»a<-,urements of Mechanical Properties 
'2,b.l Vickers Hardness 

Itu.' samples were cylindrical and 6 mm thick. One of the two 
f lai surfaces was polished successively on 0(0), 2(0), 3(0) and 
‘'l((J) grade emery polishing papers. Final polishing was done by 
lapping on polishing wheel with 0.3 micron alumina powder. 

Indentations were carried out on a Vicker's testing machine 
having a load range 2.5 kg to 30 kg. The load depended on the 
liariini'sc. of the sample is being smaller for softer samples. The 
load war. selected so as to give an indentation which was not too 
larrjn, but at the same time could be easily measured. The 
averacp:* length of diagonals were measured by the microscope 
tittacfied with the instrument. 


Vickers Hardness Number 
formula (53) 


(H 1 

V 


was calculated using the 


1.8544 P 

a. 

(2a)^ 


where P is load in kg and (2a) is the average diagonal in mm. 
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Modu I us of Rupture 



MniluJus of 

rupture 

(MOR) was determined using 

a four-point 

bt-'iitlirji* idziure 

C f j g . 

2.6) on an INSTRON-1195 

system. The 


1 '.aj fur thi 

s test 

were prepared by cutting pieces of 

Tipi >i't ix imate size 

of 18x4x2 mm . These pieces were 

polished in 

t, !if- 

rinnir- maurif^r 

as for 

Vickers Hardness testing. 

The sample 

i.M ta t’ 

ir-urat.iun Ls 

shown 

in figure 2. 7. a. Following 

experiments 

pa were u 

sed : 



II 

( L ) 

= 

10 mm 


W lilt, 

ii uf ‘lamfiJe 


4 mm 


[iMpt 

h i:tf sanipJe 


2 mm 


' I rr.i; ! 

lii.'ad speed 

= 

0.05 mm/min 


Char 

t, speed 

= 

50 mm/min 


Lnatl 

UP i i 

- 

1000 kg max. 


Fill 1 

scale load 


0.2 K Newton 



Load at fracture 

was determined for each test specimen. 


MOH i:; erilculated by the following formula [54] 

3 . P . a 

MUH - X 9.806 MPa 

a = The distance from the support to the load 
applicator when specimen is straight 
b = Spcimen width 

h = Specimen thickness 

where P is in kg and 'a', 'b', and 'h' in mm. 
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Fig. 2.7(a) Specimen configuration for MOR and 
Youngs modulus test. 



Fig. 2.7(b) Specimen configuration for Kic test 


3 Yoiinri^^i Moclulus 
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i in'’ I uad obtained in flOR test was utilised to calculate the 
Yc)tin«| o MocJulus- The central deflection of the beam was 
I .-ill utfitprJ from the load— displacement chart. Error in the 
fLMiirai ifefleition was corrected by substracting the deflection 
dur- tu t ho machine. The deflection of the machine was found out 
by uninq a dummy specimen (large iron piece) whose Young's 
fiiodiilnn in mucfi higher than the materials under test. 
climc‘nsion of dummy specimen was 
I onq t fi 20 mm 

Width “ 8 mm 

Doplh 4 mm 

toi lowing formula was used to calculate the Young's Modulus 


1 b4 1 . 


E = 


P 


a (3L - 4a'^) 

4 b h^S 


1 =;.pan lenqth between the supports 

1) <•.[.)( >t: 1 men width 

ti - spLimen thickness, 

f’ - I Wild 

S Deflection at the mid-span 

Tf,e distance from the support to the load applicator when 

the specimen is straight 

p 


in 


kg ; a s L , b , h , 


in mm • 
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2.5.4 Fracture Toughness 

'Slnfrlle edge notch beam' method was used to determine the 
fcuc'Lurt' toughness for the present investigastion . 

Thu samples were cut with approximate dimension 18x4x2 mm 
and were poJished as discussed in Vicker's Hardness Measurement. 
‘I'ln.- notehes were made using diamond edge blade of 0.4 mm 
l.h i ekness . The notch length varied between 0.8 mm to 1.5 mm. 
Accurate measurement of notch length was done by travelling 
m Lcrtn^eope . The sample configuration is shown in figure 2.7b. 

Tile sample.s were broken in four point bending fixture using 
iNliTKON 1195 system with following experimental parameters: 


Span lengtli 
Cross head speed 
Cliart speed 
Load cell 
Full scale load 


10 mm 

0.05 mm/min 
50 mm/min 

1000 kg (max. limit) 
0.2 kN. 


The following formula was used to calculate K E553 


K 


IC 


where 


d 

b 


3 P d 


a 


1/2 


2 . 1/2 

[ 3 . 86 - 6 . 15(a/h)+21.7Ca/h) 3 


b h‘ 


S-s 

2 

Breadth of sample 
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- L)t>pLh of sample 

- Notch length 

lo ill Newton, a,d,b,h are in meter. 

7.6 Microstructure Analysis 

Fracture surface of the PZT samples were observed using 
.IhN B4MA HCANNINB MICROSCOPE, JEOL, 

I he sample was broken before putting it in the microscope 
and wriu cleaned thorughly using ultrasonic vibrator. Then it was 
gold (.(jated for one minute thirty second. 
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CHAPTER - III 

AND PISCUSRTniM 


vS • 1 Aimlysis 

Fh(Zr Tl )G perovskite solid solution depending on the 

c ompu' , L t 1 an can exist in anv nno 4 - a. i_ j. 4 . 

^ in any one of the three structures, 

I (“ t r aqcjna 1 ( [ ) ( U < x < 0. 52 ) , Rhombohedra 1 (R) (0.52 <x <0.92) 

arir! Ur tharhumbic (0) (0.92 <x <1.0) [5] with sharp boundaries 

bc'twann tctraqnnal and rhombohedra 1 phases which is known as 

Marph.Uropir Phase Boundary (MPB). The existence of a constant 

c„ ofTi pcjs j 1 1 on morphotropic phase boundary has been contradicted by 

many r r*‘i( 'ar c her s [12,56,57,58]. They suggested that tetragonal 

afi{) r I lombohed ra 1 phases coexist in the transition with some range 

of ( ompuM Lions. These authors got different results regarding 

the width of the coexistance region. 

In thfc' present work both the phases are found to be present 

in the undoped sintered material [Fig. 3.1], In the calcined 

samples both the phases are present for CeO content upto 2 

2 

moieV. while at 5 mole'/. CeO only the tetragonal phase is present 

2 

o 00 

as shown by slow scan ( 0.6 /minute) between 20 = 43 to 46 (fig. 

3.2). In the sintered sample orthorhombic phase is found to 

coexist With the tetragonal phase only upto 0.1 mole percent CeO 

2 

(fig. 3.3). Three different 20 ranges are shown in this figure 

where the disappeasrance of the rhombohedral phase with 

increasing CeO can be clearly observed. Free CgO„ is presoiit 
2 

in b mol 0/4 Jo '^2 s ample (fig. 3.4). 





5.0 mole 






20 (degrees) 

Fig. 3.2 Slow scan XRD- pattern of calcined PZT powders with Ce02 varying 
from 0 - 5.0 mole % . 
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20 (degrees) 

Rg.3.3 Details of slow scan XRD patterns of sintered 
samples. 


26 (degrees) 20 (degrees) 

Fig. 3.4 Free Ce02 is present only at the highest Ce02 content 
of 5 mole % . 



Ce02 - 5mole*/o Ce02 - 2 mole®A 




5 valuea of 

ice parameter a and c for tetragonal 
T T 

given in table 3.1 


Table 3.1 


Lattice 

Parameters for 

Tetragonal 

Phase in 

PZT 


ofti tr.'ii t ion 

20 

29 

c 

a 

c /a 

iU4} 

2 

for 


T 

T 

T T 

for 

in 

in 


lie pf.Tcent) 

(002) plane 

(200) plane 

0 

A 

o 

A 


0% 

43.83 

44.88 

4.1276 

4.0357 

1.0227 

0. 1% 

43.76 

44.82 

4.1337 

4.0408 

1.0228 

1 .0% 

43.72 

44.80 

4.1373 

4.0425 

1.0234 

2.0% 

43.69 

4«1.86 

-q. 1398 

4.0374 

1.0253 

5.0% 

43.74 

44.96 

4.1355 

4.0289 

1.0264 

It is known 

that as 'x' decreases, the rhombohedral 

phase 


disappears near MPB and its content decreases with decreasing 
’x’. Also the c /a ratio for the tetragonal phase decreases as 
X increases. 

Replacement of ZrO^ by Ce02 in this work implies lower 2r02 
content for increasing amount of Ce02- One interpretation of 
these results could be that Ce 02 is acting as an inert phase and 
the observed results are solely due to the changing concentration 
of zirconia. 

However, it is more likely that at least some CeO^ has 
entered the PZT lattice. Thus the EDAX analysis of the samples 
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Cou.^ to be present through out all the grams. As 
later, second phase particles appear at grain 

hound, !i i( j at b mole’/. Ce 02 and to a lesser extent for 2 mole 7. 

. n.uu It appears that CeD^ is dissolving in the PZT lattice 
to a limitod Ejxtent possibly upto 1 mole 7, CeO^- 

I UAX analysis at a spot on a very small grain in the grain 
houiifi.iry of the larger grains shows the peak of Ce^"^ ion be 

SI, 4 “ ^ 4 - 4-4 

tipproi itilily large compared to Ti and nearly equal to Zr . 

Au t ho ruiaiysis was performed on the fractured surface and the 
intluonoo of the nearby regions of the other grains might be high 
tho rouult obtained by this analysis is not accurate enough. But 
qua 1 1 t a t i vely it can be ascertained the small particles at the 
grain boundaries to be ceria which is again supported by X-ray 
touuli at least for 5 mole 7. CeU 2 . 

'i.2 liintered Density 

Sintered density of the five sets of PZT compositions are 
shown in table 3.2. Their variation with the doping 
Lonc.enlr at ion is shown in figure 3.5. It is observed that 
‘.jintored density is maximum to undoped PZT. Minimum value is 
obtained at doping concentration of 1.0 mole 7. CeOg ■ Beyond 
this the sintered density again increases with increasing doping 


t oncentr ation . 


0 


1 


4 


5 


2 3 

Mole •/• Ce02 

Fig. 3.5 Variation of density with concentration of ceria. 




Table 3.2 
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Density of Ceria Doped PZT Ceramics 


DupJnci i.oncentration Range of sintered Mean value of 

1)1 I, (’hr. in mole ’/. density sintered density 

- 3 - 3 

gm cm gm cm 


0.0 

7.84 - 

7.94 

7.88 

0. 1 

7,48 - 

7.63 

7.57 

1.0 

7.33 - 

7.45 

7.39 

7.0 

7.38 - 

7.55 

7.44 

b.0 

7.50 - 

7.68 

7.60 


3.3 f'loiroelectric Properties 

[lie variation of reactance with frequencies for test sample 
olit.aiiu’d 1ram American Piezo Ceramics Inc. Mackeyville, PA17750, 
DhA and some of the PZT disks of different composition are shown 
in fiqufe 3.6. All the samples responded well to the impedance 
analyser. I he values of resonant and antiresonant frequencies 
are listed in table 3.3 

Table 3-3 

Range of Resonant and Antiresonant Frequencies 


Concentration of 
CeU2 in PZT 
( mo 1 e 7. } 


0.1 

1.0 

3.0 

5.0 


Range of resonant 
frequencies ( f^ ) 
(Hz) 


163000 - 165540 
162175 - 163250 
172600 - 173785 
174900 - 177680 
185192 - 191200 


Range of antiresonant 
frequencies (fa) 

(Hz) 


176500 - 179120 
176875 - 178250 
180995 - 181350 
181600 - 186050 
187450 - 192900 
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talije.3 of capacitance 35 obtained by the ifTspedsnce aoeiyser 
are listed in table 3.4. 

Table 3.4 


Range of Capacitance of the PZT Samples at 100 KHz Frequency 


Lon (- en t r a 1 1 on of Ce02^ Range of capacitance 

in P/T samples in picofarad 

( mu 1 e ■/. ) 


0.0 
0.1 
1 .0 
2.0 
5.0 


Free relative dielectric 

at constant electric field 


595 - 701 
791 - 830 
914 - 977 
890 - 954 
738 - 796 


T 

constant (K ), elastic compliance 
3S 

E 

(8 ), electromechanical coupling 
11 


roofficients (k , k , k ) longitudinal voltage coefficient 

p 31 3o 

(n ), strain coefficient (d , d ) are calculated and the 
33 31 33 

results are given in tables 3.5j 3.6g 3.7j 3.8 and 3.9 
respectively. The corresponding curves are shown in the figures 
3.7 to 3.11 respectively. 
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Table 3.5 



D 1 c > 1 1 ‘f f r 

ic. Crjr»«,tant af 

Ceria Doped PZT 

Ceramics at 

100 KHz 

rr LHiiii'iic 

y 




UopiDM t 

Cine CM1 1 ration 

Range of K 

■J- 

Average K 


C) 1 ^ ^ > 

(mol(> 7.) 

33 

33 



w.w 

767 - 899 

804 



w.i 

1053 - 1104 

1083 



1 .M 

1058 - 1131 

1084 



. W 

1030 - 1104 

1056 




765 - 825 

793 




Table 3.6 

* 



1 last 1 C Compliance of Ceria Doped 

PZT Ceramics 


Dfjpinq i 

one i»n tr at ion 

E 

Range of S 

Average of 

E 

S 

(if i:plL^ 

{ mo 1 n X) 

11 


11 



-12 2 
(10 m /N) 

-12 2 

(10 m /N) 


0.0 

14.94 - 

15.41 

15.14 

0. j 

16.13 - 

16.34 

16.23 

1 .0 

14.62 - 

14.82 

14.75 

?.0 

14.18 - 

14.34 

14.26 

b.0 

11.66 - 

12.30 

12.18 



Table 3.7 
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E. 1 ec. I roinGC ban ica 1 Coupling CoeT T icients of Ceria Doped P2T 
Ceram i cs 


Doping concentration 
o1 CgO._ 

( moi e 7. ; 


0. J 
i .0 
2.0 
5.0 


k Range of 

r I, 


®.43 0.435-0.416 
0.46 0.454-0.457 
0.33 0.313-0.345 
0.32 0.298-0.312 
0.17 0.147-0.228 


Average 

k 

33 

k 

31 

0.427 

0.262 

0.455 

0.278 

0.326 

0.201 

0.306 

0.191 

0.172 

0.113 


Table 3.8 

Voltage Coefficient of Ceria Doped PZT Ceramics 


Doping concentration 
of CeU 2 ^ 

( mo ] e 7. ) 

Range 

-3 

(10 

of q 

33 

V-m/N) 

Average g 

-3 

(10 V-m/N 

0 

29.27 

- 34.34 

31.56 

0. 1 

26.71 

- 31.49 

29.37 

1.0 

13.56 

- 16.30 

15.06 

2.0 

14.53 

- 18.49 

16.25 

5.0 

11.39 

- 15.38 

13.81 
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Table 3.8 

Strain Coefficients of Ceria Doped PZT Ceramics 


fsiji' i l•Hn<•‘^'ntrat.ion 
of 

( m< I h- % ) 


Range of 

d 

33 

e/N) 


Average 

d 

3 3 

(10~'^C/N) 


Range of 
d 

3 1 

(10~^^C/N) 


Average 

d 


204.20-233.24 222.73 83.45- 91.00 86.01 

261.11-293.38 278.78 107.80-111.10 109.67 

135.79-152.74 144.06 74.68- 72.21 75.62 

138.35-168.70 148.98 68.81- 71.24 69.68 

80,84-112.83 93.46 31.76- 34.0 33.04 


Fretf relative dielectric constant (figure 3.7) shows a 
definite improvement over pure PZT Cx = 0.535) at 0.1 mole % CeO^ 
doping. With increasing Ce02 concentration it remains constant 
and decrease slightly at 2.0 mole% CeO^ doping. Beyond* this it 
falls drastically and at 5 mole-percent Ce02 it becomes lower than 
pure PZT. 

E 

Elastic compliance (S is maximum at doping concentration of 

11 

0.1 mole % CeOn . The peak values of K„, K . K are also at 

P 33 31 

doping concentration of 0.1 mole % and falls gradually with 
higher ceria content. 

Voltage coefficient is maximum for pure PZT and gradually 


0.0 
0. 1 
I .0 
2.0 
.5.0 


reduces . 
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.jtiajii coefiicient changes in the same fashion as that of 
nic?f ir nmc3c hanical coupling coefficient i^ith maximum value at 0J 
mu if Z ic'^ria. Thus best piezoelectric properties are obtained at 
IIk^ lowest ceria concentration (0»i mole Higher concern tra t ion 

ihHiM' lur irate the piezoelectric properties. 

I lo/oactivity in the morphotropic region is much higher than 
in the iatraqonal or rhombohedral phase region. Many 
associate this phenomena with increased 
(iit)in lity of domain walls and more easy reorientation of the 
polar joatiun m this region. Jaffe et al [65] found that just 
‘11* tJu' r hombohedr'ai side of the tIPB PZT ceramics shows higher 
^alur^o of coupling coefficients. The grain size is another 
imptjrt.inl factor. k increases with increasing grain size 

proviUi'fl f.fu-’ro is no microcrack. But microcrack occurs during 
polling wliicfi introduces space charge. This reduces the values 
of coupling coefficients. The extent of microcracking increases 
wiLt) iiu reusing c /a ratio. 

I he piezoelectric constants of our sample increase upon the 
first addition of Ce 02 to 0.1 mole'/, and then decrease with 
tur tfier addition of ceria to 1 mole/.. At 0 mole7. CeO^^ and 0.1 
mule'/. fleUg, both rhombohedral and tetragonal phases exist, though 
tfie amount of the rhombohedral phase is very small, as deduced 
from the low intensity of the X-ray peaks, for 0.1 mole'/. Cea 2 .. 
Tfiuib the 0 mole'/. Ce02 composition is nearly in the middle of the 
MPB composition while the 0.1 mole V. CeOg^ corresponding to the 
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.3.7 Variation of free relative dielectric constant with 
concentration ofceria. 




Elastic 
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Mole •/• Ce02 

Fig. 3.8 Variation of elastic compliance with concentration 
of ceria . 



Coupling Coeflicients 



Mole •/• Ce02 

Fig. 3.9 Variation of coupling coefficient with concentration 
of ceria. 


Voltage Coefficient 933(10"^ Volt meter Newton 



Fig. 3.10 Variation of voltage coefficient with concentration 
of ceria. 



Mole •/• Ce02 

Fig. 3.11 Variation of strain coefficient with concentration of 
ceria. 


r I !f iriihoi it m I r a I acicjt? 


of the MPB. Thu; 


■IS a maximum in the 

fsa(-.:ui> 1 iM t r I . properties as observf=ri 

oDserved here agrees with the 

ob‘-.o. v,»! inii uf Tafte et al mentioned earlier. 

Ilowovei- , a v.ilue of d,, eaual -l-r^ -ppm ^ .."J. 

^33 uquai to 280 x 10 C.N observed 


i * 

f f i 

1 1 f 

va 1 Uf ‘ 

f s 1 

t illHlcij 

f r cam 
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iu 

rC 1 IIH 1 


1 )C M ncj 
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U 1 t 1 
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Tqxi 

{lSlVf‘ 1 

CUP I ra 

st 

1(1 t)t i 

r^upp I y 

. 


3.4 

Mei 

han ir:a 


'L n -b( 12 is significantly higher than the best 

reported in literature. The latter range 

-] 9 . -1 

'lO C.N depending on the composition, the 




[t lo true that the primary properties of interest of the 
pifc-/t>i.^ let t r I c, materials are the piezoelectric properties but the 
mechanital properties may limit the application of a particular 
material. Mechanical strength of piezoelectric ceramics is a 
factor that must be considered for design of transducer. Many 
applications involve electrically or thermally induced stresses 
as well as possible mechanical loads due to vibration. Further, 
when fracture of a component does occur the analysis of fractured 
surface, characterisation of fracture initiating defect lead to 


the knowledge by which further improvement in material selection. 



S5 


rriur icalinn modification and changes in design 
aihievud to tk^velop a better material. 


parameters can 


be 


Virkc-^rs Hardness 


Mie i-rtw data and the result of Vicker's Hardness 

in talHi-^ .l(d. 

Table 3.10 

Vickt^ru Hardness of Ceria Doped PZT Ceramics 

are given 

f^oncur) ^ r a 1 1 on 

Load 

Range of 

Average 

Range of 

Average 

of 

in 

diagonal 

diagonal 

Vicker ' s 

Vicker's 

rfup inn 

kg 

length of 

length of 

hardness 

hardness 

(molt* 7.) 


i nden ta~ 

indenta- 

( kg/mm^ ) 

( kg/mm^ ) 



tion 

tion 





-3 

- 3 





(10 mm) 

(10 mm) 



0 

2.5 

176-207 

195.3 

108.2-149.6 

121.5 

W. 1 

5.0 

230-252 

241.3 

146.0-175.2 

159.62 

1 .0 

10.0 

305-340 

322.2 

160.4-199.3 

178.6 

'/.0 

10.0 

306-523 

315.6 

177.7-198.0 

186.11 

5.0 

10.0 

252-289 

265.2 

236.5-292.0 

263.62 


The measurement of Vicker's Hardness shows an steady 
1 mprove^men t in the hardness of the PZT material with increasing 


amount of ceria. Figure 3.12 shows graphically the 
Vicker's hardness with increasing concentration. 


change of 



Vickers Hardness (kg /mm^) 



Mole Vo CeOa 

Fig. 3.12 Variation ot Vickers hardness with conentration of 
ceria. 
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Mocliiluvi (jf Rupture 

lh(> muiiuluo of rupture value of the ceria doped PZT ceramics 
,,)ro ij 1 von 1 II fable 3.11 


Table 3.11 

MOR of Cerxa Doped PZT Ceramics 


ji If ( 'll t r .i I 1 on of Range of MOR Average value of 

I CM la (mole 7.) in MPa MOR in MPa 


0 

45 

0. L 

33 

1 .0 

22 

2.0 

24 

b.0 

23 


23-53.83 


78-41.14 

36.01 

46-30.55 

26.71 

21-36.6 

29.48 

12-36.83 

33.15 


MOR values are graphically represented in figure 3.15. MOR 
Lu highoul for pure PZT and reaches minimum at the doping level 
of 1.0 mol percent ceria. Then it again increases but remains 

lo'.s tfuHi pure PZT. 


3.4.3 Young's Modulus 

Values of Young's modulus are given in table 3.12 



Table 3.12 


Young's Modulus of Ceria Doped PZT Ceramics 


Concentration of 

Range of values 

of 

Average value of 

ceria (mole %) 

Young's modulus 


Young's modulus 


(GPa) 


(GPa) 

0 

26.71-34.92 


30.83 

0.1 

17.68-29.78 


22.78 

1.0 

18.86-31.21 


25.35 

2.0 

19.60-30.18 


26.56 

5.0 

22.45-37.92 


32.14 

Variation of Young' 

s modulus with concentration of ceria is 

graphically represented 

in figure 3.13. 

Minimum value of Young's 


Modulus is obtained at 0.1 mol percent concentration of ceria. 

3,4.4 Fracture Toughness (K|c-) 

Values of fracture toughness are given in table 3.13 and 

graphically represented in figure 3.13 



Table 3.13 
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f^racture Toughness of Ceria Doped PZT Ceramics 


Cone un tra lion of 
of' L o r 1 a 
(mole Z) 


Range of Values Average Values of 

of Kic (MPa Kxc (MPa^'^^) 


1 . 1828-1 . 2440 

1.219 

0.8041-0.9925 

0.9145 

0.6723-0.8377 

0.7290 

0.8645-0.9550 

0.9082 

0.7735-0.9583 

0.8544 


I’-jC ’ fracture toughness of a material, is a material 

property and represents the resistance to unstable crack 

propagation in a material. It is high if these are many energy 
djsuipiiting processes occurring during crack propagation. Thus 
at IS a sensitive function of the microstructure of the material. 
It will also depend on the chemistry and crystal structure of 
the mater ial . 

The following microstruc tural changes are observed with 
ceria content (i) the average grain size increases from 3.5 

micron to 7.5 micron as the Ce02 increases for 0 to 5 mole 
(li) Particles rich in ceria are clearly visible in SEM at 2 mole 

■/. ceria. They produce a distinct ceria peak at 5 mole ceria. It 



Kic(MPam'' ) M OR (MPa) Youngs Modulus (GPa) 




Fig. 3.13 Variation of Youngs Modulus, Modulus of Rupti 
and Fracture Touahness with concentration of c 
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IS possible that they begin to form at lower ceria 

con ten t , possi b ^ y at 1 mole 7 . ceria, but are not observed. 

the variation in the K is obviously related to these 
l<icl'ors. The dependence of K on grain size is not well 

understood, conflicting results having been reported. In our 
results, there is a good correlation between the rise in the ^ 1C 
after the minimum and the appearance of the CeO particles. The 
K begins to increase at the same ceria content at which the 

I ru ^ 

ceria particles begin to appear. Second phase particles are 
known to increase fracture toughness by mechanisms such as crack 
deflection and microcrack formation. Thus the ceria particles 
may be responsible for the observed enhancement in the fracture 
toughness in sample with more than 1.0 mole '/. ceria. 

The relation between the and the strength, , (modulus 

of rupture) is the following: 


K 


1C 


CT (TT a) 


1/2 


where 'a' is the half crack length. Value of ' a is related to 
tl->e size of the flaw such as porosity at which the fracture 
initiates. Thus a rough order of magnitude estimate of the 
fracture causing flaw can be obtained from the measured values of 


K 


IC 


. This gives the following results: 


and 
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Sample No. mole 7, CeQ 

MOR 


K 

a 



MPa 


'5 12 . 

MNm 

( mm ) 

1 

0 

48.8 


1.219 

0.198 


0.1 

36.01 


0.9145 

0.205 

O 

1.0 

26.71 


0.7290 

0.237 


2.0 

29.48 


0.9082 

0.302 

5 

5.0 

33.15 


0.8544 

0.188 

The value of 'a' are nearly constant. 

Thus the MOR 

scales 

dirt.'ctly with 

•^ic ■ 





In contrast to the 

other mechanical 

properties, the 

hardness 

con tinuously 

increases 

with increasing 

ceria content. 

Vickers 

Hardness of 

a material 

is linked with 

the 

resistance 

of the 

material to 

both the 

elastic and plastic 

deformation 

of the 

suricuce by 

indentation. Benerally the 

amount of different 


phaseia, residual strain in the lattice , movement of dislocation in 
i he crystal under stress govern the hardness of a material. In 
this work it has been observed that there is a rise of hardness 
uptD 0.1 mole 7. Ce 02 arnd beyond that it rises monotonical ly with 
lower slope. This correlates rather well with the decrease in 
the amount of the rhombohedral phase. Thus 0.1 mole 7. CeO^ 
correspond with edge of rhombohedral phase. Beyond that oniy 
tetragonal phase is present. It is also observed that c/a ratio 
of the tetragonal phase gradually increases with ceria addition. 



lis increasing tetragonality may be responsible for 
jnolonjc increase in the hardness of the tetragonal phase 


the 
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with 

icr eases ceria. 

.5 Microstructural Analysis 

Microstructure of five set of samples are shown here. From 
he micr ostructures it is clear that grain size increases 
iradually with increasing CeO^ concentration. The grain size was 
leasured by line intercept method taking 30 grains per set. It 
/aries approximately from 3.5 micron for 0 mole % Ce02 to 7.5 
nicron for 5 mole 7. CeO^ samples. Very small grains of CsQq_ 
aarticles are observed at the 2 mole V. CeO^ and very clearly at 5 
nole 7. CeU2." 


« 




Micros tract Ure of Pure PZT 
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1 'lie roG tract ure of 1 


0 mole% CeO^ doped PZT 



i 




Microctructure of 5.0 inole% CeO 


2 


doped PZT 
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CHAPTER 4 

l.tJNCLU^qr^ AND SCOPE FDR FURTHER WORK 

L suits obtained by doping ceria in pZT ceramics lead to 
foJIowjn <3 conclusions: 

(1) IJf all the ceria contents investigated (0, 0.1, 1, 2 

and .j mole X), the maximum piezoelectric properties are obtained 
<ii 0.1 mole 7, of ceria. 

(i) It has been reported [43] that PZT ceramics doped with 

0.6 mule 7. Thoria shows properties superior to PZT doped with 

Nh L) ( 3 r La 0 . Thorium and cerium ions are very similar — both 
? b 2 3 

liavc’ a valence of 4 and have nearly equal ionic radius. Hence it 

i'i fjDss i b 1 e that CeO doping in the neighbourhood of 0,6 mole 7. 

2 

may also result in improved properties. The range between 0 to 
1.0 mule 7. CeO^ should therefore be thoroughly investigated. 

(3) At 2 and 5 mole 7. CeO microstructure reveals that very 

2 

fine ceria particles have precipitated at the grain boundaries. 
I t may be worth while to find out the concentration of ceria at 
wliirh it actually starts to precipitate at the grain boundaries. 
This will be helpful in explaining the mechanical behaviour of 
t he material . 

(4) Mechanical properties of the piezoelectric ceramics are 
also very important as high stresses are generated during 
potential and operation as well as during fabrication. 
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HecHanical fracture of devices is a cornoon occurrence. The 
observed variation in mechanical properties need to be related 
to microstruc tures were carefully to understand the mechanical 
properties of piezoelectric materials in general- 
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APPENDIX 1 


Measurement •cbeme for piezoelectric oeramka. 
Specimen and orienUtlon 


Measurement scheme, or calcuJstion method 


•fl. <^41 


Bar plated on facee peipendicular to Z. 

Bar plated on facee peipendicular to Z. 

Bar plated on faces perpendicular to Z. 

Bar poled along Z, but -with plating on faces perpendicular to X. 


^ poled along Z. but with plating on faces perpendicular to X. 
Bar poled along Z. but vrith plating on faces perpendicular to X. 

^ poled along Z. but with plating o- faces perpendicular to X. 
^ poled along Z. but with plating on faces peipendicular to X 
Square plate with fices perpendicular to Z. 


Square plate with faces perpendicular to Z. 

Bar pla^ on faces perpendicular to Z. and with length along Z. 


Kesooaate measuremente of the length 
«xtensional mode. 

From above, using (1 _ 

Measurement of low-frequency capacitance. 

Overtones of thickness shear mode of the 
bar as above, but with signal field 
along X. 

Measurement of low-frequency capacitance. 

Measurement of high-frequency (clamped) 
capacitance. 

^l.* = 1 - €fi/€S. 

< = ■</(l - ix.*)- 

Fundamental resonance fiequencies of the 
two contour-extensional modes of m 
square plate. 

Be^nanoe measurements of length exten- 
aional mode. 




€t 


Bar plated on facee peipendicular to Z, and with length fiJong Z, 
Disk with facee peipendicular to Z. 

Disk with facee peipendicular to Z» 

Disk with facee peipendicular to Z. 

XHsk with facee perpendicular to Z. 

Disk with facee perpendicular to Z. 

Calculation. 

Calculation. 

Calculation. 


Keeonance measurements of planar exten 
monal mode. 

Keeonanoe measuremente of thickness ex- 
tensional mode. 

Measurement of response to hydrostatic 


pressure. 

Overtones^ of thickness extensional mode. 
Calculated from and 

•jj ^ ^ 






or 

Plate with faces peipendicidar to Z. 


where 

V-S(4 + *ii) 

Measurement of high-frequency (clamped) 
capacitance. 


Note: tis and d^i are generally negative, is taken to be positive when d^i is native. 


